There is a need for next-generation, high-performance power electronic packages and systems employing wide-bandgap devices to operate at high temperatures in automotive and electric grid applications. Sintered silver joints are currently being evaluated as an alternative to Pb-free solder joints. Of particular interest is the development of joints based on silver paste consisting of nano-or micron-scale particles that can be processed without application of external pressure. The microstructural evolution at the interface of a pressureless-sintered silver joint formed between a SiC die with Ti/ Ni/Au metallization and an active metal brazed (AMB) substrate with Ag metallization at 250°C has been evaluated using scanning electron microscopy (SEM), x-ray microanalysis, and x-ray photoelectron spectroscopy (XPS). Results from focused ion beam (FIB) cross-sections show that, during sintering, pores in the sintered region near to the Au layer tend to be narrow and elongated with long axis oriented parallel to the interface. Further densification results in formation of many small, relatively equiaxed pores aligned parallel to the interface, creating a path for easy crack propagation. X-ray microanalysis results confirm interdiffusion between Au and Ag and that a region with poor mechanical strength is formed at the edge of this region of interdiffusion.
INTRODUCTION
Next-generation, high-performance power electronic packages and systems employing wide-bandgap devices are expected to operate at high temperatures in automotive and electric grid applications. There is particular interest in the development of Pb-free high-temperature die attaches that can be used at temperatures of 250°C or higher for use with wide-bandgap semiconductor devices. 1 Pbfree solders based upon the Sn-Ag system, such as Sn-3.5Ag, as well as Sn-Ag-Cu solders are limited to use at temperatures of 200°C or lower due to their melting point and the rapid accumulation of damage due to thermal cycling, even when used at temperatures of about 200°C. 2 Au-based solders such as Au-Sn solders, considered ''hard solders,'' have been accepted for high-temperature applications due to their relatively high melting point. However their high stiffness can result in damage to the semiconductor die due to thermal stresses induced during temperature cycling, a situation exacerbated with deeper thermal cycles. Furthermore, their higher cost may limit use in cost-sensitive automotive applications. An alternative to the use of traditional solders, which are processed using a reflow process which results in melting and solidification of the die-attach material, is the use of sintered Ag joints. 3 In this method, silver paste consisting of nano-or micronscale particles mixed with an appropriate organic binder is dispensed between the substrate and semiconductor die. The whole system is then heated to a temperature between 200°C and 300°C using a predetermined temperature profile defined to drive out organics. [4] [5] [6] [7] [8] [9] [10] [11] [12] Subsequently, it is held at the high temperature for a fixed period of time under external pressure, or without it (pressureless), to complete the sintering process. Use of organics with special additives, or the use of nanoscale particles, allows the sintering process to be carried out at relatively low temperatures. One benefit of such sintered Ag joints is that they can be used at temperatures much higher than the processing temperature.
Pressureless-sintered Ag has been the focus of several recent studies due to the ease of processing and the lower likelihood of damage to semiconductor dies during joint processing. However, recent work has shown that certain pressureless-sintered Ag joints formed with Au metallization on the die, substrate, or both have poor strength characteristics. 13, 14 Issues with bonding or poor strength were not reported when Ag foil was used for the bonding process. 15 Studies on Ag/Au multilayers have shown that interdiffusion can occur in the Au-Ag system at relatively low temperatures. 16 Since rapid diffusion can aid the bonding process, observations of poor bondability are inconsistent with the relatively rapid interdiffusion rates suggested by diffusion studies. The current study was designed to evaluate the microstructural evolution after pressureless sintering of a Ag joint formed between a SiC die with Au metallization and a substrate with Ag metallization and to correlate it with the likelihood of failure of the sintered Ag joint.
EXPERIMENTAL PROCEDURES
SiC dies measuring 2.75 mm 9 2.75 mm with Ti/ Ni/Au metallization were bonded to active metal brazed (AMB) substrates with Ni-P/Ag metallization using a commercially available silver paste designed for pressureless sintering. The pressureless Ag sintering process consisted of a 30-min ramp to 250°C in a box oven, with a 60-min hold at temperature in an oxygen-containing environment. The complete assembly, including the die, sintered silver joint, and substrate, was mounted in epoxy and cross-sectioned using traditional mechanical polishing techniques in preparation for optical and electron microscopy observations. Quantitative analyses of microstructural features such as pore sizes were accomplished using public-domain ImageJ 1.50i software (http://imagej.nih.gov/ij).
Field-emission scanning electron microscopy (FESEM; Hitachi S4800, operated at 15 kV) was used for secondary-electron (SE) and backscattered electron (BSE) imaging of cross-sectioned samples. This microscope was also equipped for energydispersive x-ray spectrometry (EDS) and with a silicon drift detector (SDD, EDAX, Inc.); x-ray dot maps were acquired using Genesis software. Elemental x-ray maps were also acquired, using a JEOL JXA-8200 electron microprobe analyzer equipped with five crystal spectrometers for wavelength-dispersive x-ray spectroscopy (WDS). X-ray dot maps were acquired using the JXA-8200 at accelerating voltage of 15 kV and electron beam current of 100 nA. The JXA-8200 is also equipped with an EDS SDD from Thermo Fisher Scientific controlled by Noran System Seven software, which was used to acquire x-ray dot maps for principle component analysis.
Focused ion beam (FIB) milling was performed using a Hitachi NB5000 FIB/SEM to image buried interfaces in cross-section samples and observe regions away from the mechanically polished surface. Creation of a FIB-milled region to image in SE mode with the electron beam column began with deposition of a $500-nm-thick tungsten layer onto the cross-section surface using ion-beam-induced deposition (IBID). This W layer was used to reduce ''curtaining'' during the final FIB milling of the specimen. Milling of the region of interest was started with a 40-kV, 3.36-nA beam. The beam current was then reduced to 0.52 nA, and the sample was immediately imaged by FESEM (NB5000) without removal from vacuum.
X-ray photoelectron spectroscopy (XPS) was performed with a Thermo Scientific K-Alpha instrument. This instrument uses microfocused, monochromatic Al K a x-rays (1486.6 eV), which can be focused to a range of spot sizes from 30 lm to 400 lm. Analysis of most samples was typically conducted at 400-lm x-ray spot size for maximum signal and to obtain an average surface composition over the largest possible area. The instrument has a hemispherical electron energy analyzer equipped with a 128-channel electron detection system. Chip and substrate samples were mounted to the sample platen using metal clips. Wide-energy-range (0 eV to 1350 eV) survey spectra were acquired using analyzer pass energy of 200 eV and energy step size of 1 eV. For nonconducting samples (i.e., SiO 2 ), a charge-neutralization flood gun was used to maintain stable analysis conditions. The flood gun uses a combination of low-energy electrons and argon ions for optimum charge compensation. The base pressure in the analysis chamber was typically 2 9 10 À9 mbar or lower, and 2 9 10 À7 mbar when the flood gun is operated. Data were collected and processed using Thermo Scientific Avantage XPS software (version 4.87). Figure 1 shows a backscattered electron image of the entire mounted assembly, showing a crosssection of the SiC chip, sintered silver region, and AMB substrate. In this orientation, the SiC die is on the top and appears as a dark region in the backscattered electron image because of the lower average atomic number of this material. It should be noted that the sintered silver layer, not clearly visible in this image, is sandwiched between the AMB substrate and SiC chip. Figure 2 shows a higher-magnification view of the region of interest. The majority of the sintered silver region shows the presence of a microstructure consisting of a threedimensional network of sintered particles interspersed with porosity, typical of a sintered body. The average porosity of the sintered Ag was measured to be about 36%. However, significant differences were evident in the region close to the interfaces with the die (top interface) and substrate (bottom interface). Figure 3 shows a higher-magnification image of the microstructure, rotated 90°with respect to Fig. 2 . The thickness of the sintered Ag layer varied from about 11 lm to about 13 lm within the imaged region. Several regions with distinctly different microstructures could be identified within the sintered Ag based upon the size, shape, and connectivity of the porous regions, as described below. Figure 4 shows the bottom interface region, adjoining the Ni-P/Ag metallization on the AMB substrate. Note that a continuous, pore-free Ag layer (seen as a bright region) with thickness of approximately 0.2 lm to 0.6 lm is visible (indicated by arrow 1) at the sintered Ag-substrate interface. The silver particles show necking formed during sintering and appear to have bonded well to this layer, as shown in the region marked with arrow 2. Figure 5 shows the sintered Ag region adjoining the Au layer on the SiC die (top interface in Figs. 1  and 2 ). The SiC die and Ti and Ni layers lie at the far left of the image, while the Au layer, with highest atomic number, is seen as a bright contrast band labeled ''Au.'' To the right of the $750-nmthick Au layer is a 400-nm-to 800-nm-thick, dense layer with almost no porosity. Figure 6 shows an image thresholded to highlight the pore structure in Fig. 3 , revealing differences in the size, shape, and connectivity of the pore structure across the sintered Ag joint. The sintered Ag layer adjoining this dense layer (left side of the image) has a pore structure very different from that observed adjacent to the Ag-Ag interface (right side of the image). At the Ag-Ag interface, interconnected pores within the sintered Ag joint in this region form channels that are about 1.5 lm in smallest dimension. Although some regions show presence of columnar growth of sintered material and pores emanating from the Ag-Ag interface, the observed angle of the pore-matrix interface generally seems to be uniformly distributed over 360°in the plane of observation. Furthermore, it is possible to identify pores with extended regions parallel and perpendicular to the substrate. The porosity in this region was measured to be $37%. Contrast this with the pore structure on the left side of the image, the region adjacent to the Au layer. The sintered Ag in this region does not show presence of an interconnected pore structure as observed on the right side. Instead, this region has isolated pores oriented such that their long dimensions are parallel to the interface and the shorter dimensions perpendicular to the interface. Furthermore, the pores are smaller in size and their aspect ratio (length-to-width ratio) is large. The presence of an almost continuous layer of such elongated pores parallel to the interface is evident on the left side of the image. The large aspect ratio and aligned pore structure provide an easy path for crack initiation and propagation. In other regions along the interface, such narrow, long pores were observed to be pinched off into a string of aligned small pores. The porosity in this region adjoining the Au layer was estimated to be $15%, in contrast to $25% in the rest of the joint. Figure 7 shows further examples of elongated pores and pinched pores.
RESULTS
To eliminate any polishing artifacts, focused ion beam milling was used to expose a region buried underneath the polished surface, adjacent to the region shown in Fig. 7 . Figure 8 shows a secondary electron image of the FIB-milled region. Note that the interface region near the Au layer is devoid of any smearing that was observed in the mechanically polished sample (as seen in Fig. 7) , and multiple layers with sharp interfaces are clearly visible. Columnar grain structure of the Au layer and the layer immediately adjoining this layer are clearly visible in the image. In some regions, these columnar grains seem almost continuous, suggesting good adhesion between these two layers. However, the sintered Ag region adjoining the Au layer shows evidence for poor adhesion, delamination, and cracking.
X-ray microanalysis was performed to understand the correlation, if any, between the local composition, microstructural evolution, and regions of poor adhesion. Figure 9 shows a secondary-electron (SE) image along with an x-ray map of the distribution of Au and Ag within this region. The Au M map in Fig. 4 . Backscattered electron micrograph of the interface between the sintered Ag region and Ni(P) coated with thin Ag layer. The thin Ag layer on the Ni(P) layer (indicated by arrow 1) promotes adhesion between the Ag particles and Ni(P) layer (indicated by arrow 2). This bottom interface was well adhered after the sintering process, and the microstructure showed necking of particles at this bottom interface. X-ray microanalysis shows the presence of Ag within this Au-rich region. This would be expected based upon the interdiffusion between the Au layer and the sintered Ag joint. Adjacent to this layer is a 500-nm-thick layer that is pore free and rich in Ag. As the size of the interaction volume in SEM is larger than 500 nm at this acceleration voltage, it is difficult to characterize the composition of this layer accurately without contributions from adjacent layers. The Au x-ray map also shows that the sintered Ag region has measurable amounts of Au within the rectangular region marked with a dotted line. The relatively large interaction volume compared with the microstructural features, and the presence of pores, make quantification difficult. Standardless quantitative x-ray microanalyses of several locations within this marked region showed that it is rich in Ag with presence of 10 at.% to 22 at.% Au and varying amounts of C. Although carbon could be present in the joint due to use of hydrocarbons in the silver paste, the potential presence of epoxy within the pores makes identification of the source of carbon difficult. Fig. 7 . High-magnification secondary electron micrograph of another region along the joint that shows a later stage in the sintering process. The narrow, long pores parallel to the interface observed on the Au side of the sintered silver region are now pinched off into small, aligned pores. The presence of aligned pores results in an interface that could delaminate due to residual stresses developed during the cooling process. Fig. 8 . Focused ion beam cross-section showing the Au-Ag interface layers, morphology of the Au-Ag interdiffusion layer, and the microstructure within the sintered Ag region as a function of distance from the Au layer. The grain structure of the Au layer is clearly visible. Adjoining the Au layer is a dense, adherent layer containing both Au and Ag with columnar grain structure. Also note the presence of an interface adjacent to an elongated pore parallel to the interface, which seems to have been formed by collapse of other similar pores but seems to lack continuity (marked as ''poor adhesion''). This interface seems to be part of a region that shows the presence of a crack and several other similar interfaces that show lack of continuity across the interface. Figure 10 shows survey XPS spectra obtained from the surface of a randomly selected die and a randomly selected substrate, both obtained from sintered joints that showed complete delamination. While the XPS spectrum obtained from the surface of the die side of the failure surface shows presence of both Au and Ag, the analysis of the failure surface on the substrate side shows presence of Ag only, with absence of Au. This suggests that separation occurred within the sintered Ag joint at the edge of the diffusion zone of Au into Ag rather than at the Au-Ag or Ag-Ag interface.
DISCUSSION
Several studies have examined the effect of Au metallization on the strength of sintered Ag joints. Yu et al. 13 evaluated the effect of Au on the strength of pressureless-sintered Ag joints between silicon wafers with Au or Ag metallization and thick-film substrates with Au, Ag, or Pd metallization. Joints were formed by sintering at 200°C, 250°C, and 300°C. They found that joints between dies with Au metallization and thick-film substrates with Au metallization sintered at 200°C had high strength in the as-sintered condition, while the joints sintered at 250°C and 300°C had poor strength. Crosssections of the joints showed uniform pore structure when sintered at 200°C, whereas those sintered at higher temperature showed formation of a continuous nonporous ''Ag layer'' with an adjacent ''depletion'' layer. This depletion layer was observed to be the failure location during shear testing. These authors concluded that rapid diffusion of Ag along the surface of Au metallization resulted in the formation of a continuous, dense Ag layer. It was hypothesized that consumption of Ag during the formation of the dense layer resulted in creation of a ''depletion layer'' due to consumption of Ag from the bulk.
Although the joint sintered at 200°C had good strength in the as-processed condition, Yu et al. observed that the storage of these joints at 300°C also resulted in the formation of the ''depletion'' layer and loss of strength. Paknejad et al.
14 evaluated the microstructural evolution of sintered Ag nanoparticles on Ag and Au substrates during storage at 300°C. They found that the initial sintered joint had a porosity of $20%. Storage at 300°C of joints formed on Au substrates resulted in the formation of a ''void-free layer (VFL),'' which increased in thickness as a function of time. There was a corresponding increase in the void content in the rest of the joint, with the pore content increasing to $65% after a 500 h exposure to 300°C. Those authors concluded that Ag atom migration towards the Au layer along the inner surface of voids occurred, resulting in the growth of the VFL. They concluded that voids were displaced in the opposite direction, resulting in the high-porosity layer in the rest of the joint.
Results of the current work are consistent with the observations of Yu et al. 13 and Paknejad et al. 14 in that a dense layer is observed to be formed adjacent to the Au layer. However, in contrast to work by Yu et al., the current work shows that the dense layer adjacent to the Au layer comprised both Au and Ag. This suggests that, although the elimination of pore volume in this region required additional mass transport, incorporation of Au into this layer reduced the flux of Ag necessary to achieve this dense layer. In contrast to previous work that identified an increase in the size and volume fraction of porosity in the sintered Ag joint adjacent to the dense layer at storage temperature of 300°C, this study showed that the pores in the sintered Ag layer adjoining the dense layer were smaller than in the rest of the joint, and that pore alignment occurred during the sintering process. The reduction in pore size and volume fraction observed in this region is consistent with a densification process. Regions farther away from this dense layer showed pore content of about 20% to 30%, suggesting that the pore content did not increase to the high levels ($65%) observed in the previous study. This suggests that, within the relatively short processing time used in the current study, a rapid densification process with elimination of porosity was active in the regions adjoining the Au layer. Regions closer to Ag seemed to have relatively larger pore size with a lower level of densification, but the pore content in this region was stable and did not increase in proportion to the decrease in the pore content in regions next to the dense layer.
X-ray microanalysis showed that interdiffusion of Au and Ag was prevalent in the region with smaller Fig. 10 . X-ray photoelectron spectrum obtained from the surface associated with the die side of a fully separated sintered Ag joint. Also shown is the spectrum obtained from the substrate side of a second failed sintered Ag joint. Several elements such as O, C, and Cl are present on both surfaces, while S and Au are more prominently present on the die side but seem to be absent from the substrate side.
pores with increased densification, suggesting a potential role of Au in this densification process. In a recent study on sintering of dimers of Au and Ag nanoparticles by transmission electron microscopy, Liu and Sun 17 observed that a core-shell structure was formed, with the Au nanoparticle forming a core completely surrounded by a Ag shell. This is consistent with experiments and calculations of the surface energies of Au and Ag, which show that the surface energy of Au (1.5 J/m 2 ) is about 20% greater than that of Ag (1.25 J/m 2 ). 18 Although the effect of surface segregation in Ag-Au alloys is subject to much controversy, 19 an increase in the surface energy between Ag and Ag-Au alloy could be the driving force for the accelerated densification process observed within the Au-Ag interdiffusion region, with the reduction in pore surface area ultimately resulting in a reduction in the overall surface energy. In a study aimed at calculating diffusion coefficients and mobilities in face-centered cubic (fcc) Ag-Au alloys at relatively high temperatures, where bulk diffusion may be expected to dominate, Liu et al. 20 found an increase in interdiffusion coefficients with increasing Au content. Although, at the temperatures used in this study, short-circuit diffusion would be expected to be predominant, the accelerated densification observed in the regions containing Ag and Au suggests enhanced kinetics, consistent with Liu et al.'s observations.
Interdiffusion between Ag and Au also influenced the location of failure in sintered Ag joints, as suggested by the x-ray maps in Fig. 9 . As highlighted above, the observed pore shape and alignment parallel to the interface within the interdiffusion zone may result in a weak region susceptible to failure due to thermal-expansionrelated stresses present during cooldown from processing temperatures. Another possible explanation for the observed location for this failure is the presence of weakly bonded surfaces at the edge of this diffusion zone, as shown in Fig. 8 . Preliminary XPS studies showed presence of chlorine and sulfur on the die side of the failure surface. Further XPS studies are underway to evaluate the extent and nature of impurity elements and their potential effect on bonding characteristics.
CONCLUSIONS
The microstructural evolution at the interface of a pressureless-sintered silver joint formed between a SiC die with Ti/Ni/Au metallization and an active metal brazed substrate with Ag metallization was evaluated using scanning electron microscopy, x-ray microanalysis, and x-ray photoelectron spectroscopy. The pore shape, size, and connectivity in the sintered Ag were affected by diffusion of Au into the Ag layer. Reduced pore size and volume fraction were observed in the Au-Ag interdiffusion region, consistent with an accelerated densification process. High-aspect-ratio, isolated pores with long dimension parallel to the interface were observed in this region, suggesting a mechanically weak region susceptible to failure due to thermal-expansionrelated stresses present during cooldown from processing temperatures. X-ray maps and XPS results suggest that separation in joints with poor mechanical strength occurred within the sintered Ag joint, at the edge of the diffusion zone of Au into Ag, rather than at the Au-Ag interface or Ag-Ag interface.
